The stratigraphic architecture of coastal plains is determined by the interactions between local (e.g. fluvial processes and topography), regional (e.g. climate) and global (e.g. sea level) forcing factors, primarily during the Late Quaternary Period. Detailed stratigraphic and sedimentological analyses of boreholes, cored between coastal ridges in the lowlands, coupled with optically stimulated luminescence (OSL) dating, and integrated with existing onshore and offshore databases, has enabled a 4-D reconstruction of the evolution of the coast of Israel during the last glacial-interglacial cycle. This model revealed that Nilotic-sourced littoral sand, intermittently transported inland by wind, has either been lithified into aeolianite or pedogenized into orange-brown palaeosol from about 100 ka to 8 ka. Dark silty clay wetlands were deposited between the aeolian coastal ridges adjacent to streams which cut the Israeli coastal plain and flow westward, from the Last Glacial Maximum until the onset of the Holocene. These units are topped by beach and aeolian quartz sand dated to 6.6-0.1 ka. Diachronous thicknesses and lithological dissimilarities were identified between the sections studied and previous reports on adjacent coastal aeolianite ridges. Streams were found to be a dominant control on the stratigraphical composition and related facies architecture due to fluvial-induced erosion. Consequently, the relief variations between the lowland and cliff controlled aeolian pedogenesis as well as alluvial processes from about 80 to 5 ka. Climate, mainly influenced by precipitation and dust input, induced pedogenic processes; while sea level lowstand during the Last Glacial Maximum is shown to have hindered sediment deposition in the shallow offshore, which in turn affected aeolian transport, reducing sediment accumulation on the palaeo-coastal plain. The palaeoenvironmental model presented in the current study serves as an example for understanding the evolution of similar low-latitude siliciclastic-rich low-gradient shelf-coastal areas during the last glacial-interglacial cycle. Furthermore, it demonstrates the influence of local to global forcing factors on these environments.
Introduction
During the Quaternary, relative sea level (RSL) fluctuations have had a major influence on the sedimentary archives of continental shelves and the adjacent coastal plains. The effect of sea-level on accommodation space is one of the major influences on aggradation and erosion, and hence on the distribution of sediments across the shelves. Additional interconnected factors operating at all scales, such as tides, waves, storms, precipitation, sediment input and vegetation cover, also play important roles in the depositional and erosional phases that shape the litho-stratigraphic architecture. Moreover, local processes, such as stream-courses, modify pre-existing depositional patterns and induce irregular erosion patterns, while local relief variations affect soil formation processes (Dan et al., 1968; Paton et al., 1995; Yaalon, 1997) .
Aeolianite-palaeosol-sand sequences, which are characteristic of low latitude, siliciclastic shallow shelf and coastal areas, reflect this dynamic interaction between accommodation space, sediment supply and climate changes (Hearty et al., 2007; Brooke et al., 2003; Bateman et al., 2004; Zazo et al., 2005; Faust et al., 2015) . Consequently, detailed chronostratigraphic study can potentially reveal changes in the environmental conditions during the Quaternary (Huntley et al., 1993 (Huntley et al., , 1994 Rose et al., 1999; Huntley and Prescott, 2001; Preusser et al., 2002; Munyikwa, 2005; Tripaldi and Forman, 2007; Amorosi et al., 2009; Fitzsimmons et al., 2009; Roskin et al., 2011a; Brooke et al., 2014; Bristow, 2015a, 2015b) . Coastal stratigraphic studies have been conducted across the Mediterranean basin, in Spain (Fornós et al., 2009; Mauz et al., 2012) , Sardinia Thiel et al., 2010) , Tunisia (Mauz et al., 2009 (Mauz et al., , 2012 Elmejdoub et al., 2011) , Cyprus (Tsakalos, 2016) and Egypt (El-Asmar, 1994; El-Asmar and Wood, 2000 on the correlation between dune formation and late Quaternary sea level oscillation, while less attention has been given to the coastal geomorphic response to climate, aeolian and alluvial processes. Furthermore, the studied units were usually site-specific, and not correlated with the adjacent terrestrial and submerged stratigraphies. The Late Quaternary coastal palaeogeography of Israel has been studied since the 1940s in an attempt to correlate the coastal outcrop stratigraphy with transgressive and regressive sea level phases (Avnimelech, 1950) . Later works concentrated on radiometric (luminescence and radiocarbon) ages for the central coastal aeolianite cliff sequences which yield ages younger than about 75 ka (Engelmann et al., 2001; Frechen et al., 2001 Frechen et al., , 2002 Porat et al., 2004; Moshier et al., 2010; Mauz et al., 2013) . Hardly any attention has been paid to the submerged stratigraphy and to the sequences of lowlands located between coastal ridges. These locations potentially include palaeosols containing valuable climate indicators, and useful evidence for reconstructing past environments (Gvirtzman and Wieder, 2001; Zazo et al., 2005; Fitzsimmons et al., 2009) . The relatively short time-frame attributed to the exposed sequences; the paucity of adequate subsurface chronostratigraphic studies; the absence of correlation of the coastal cliffs to the nearby lowland areas ( Fig. 1c and d) ; and the lack of connection of the inner shelf to the coastal stratigraphy, have all hindered detailed reconstruction of the stratigraphic architecture of coastal areas and the investigation of the dominant long-term factors that affect the evolution of the coastal landscape.
The present study investigates the eustatic, climatic and local controls on the morphogenesis of the coastal system during the Late Quaternary of a selected study area located in central Israel ( Fig. 1 for location). The findings are correlated in a wider environmental and climatic perspective, enabling the construction of an evolutionary model of the coastal environment over the last glacial-interglacial period. These goals were achieved through high-resolution sedimentological and chronostratigraphic studies of seven cores drilled in the Alexander-Hadera lowland area adjacent to the mouths of Nahal (Stream in Hebrew; N.) Hadera and N. Alexander ( Fig. 1 for location) . The new data were integrated with an existing detailed onshore and offshore database. The study area was selected based on: (1) the inclusion of various morphologies (aeolian dune system, sand sheets, wetlands and streams), which provide the optimal conditions for studying the interplay of these morphologies with sea level over time; (2) the sensitivity of the stream valleys to climate (precipitation) and hydrological influences (floods); (3) previous studies of the stratigraphic architecture of both the adjacent terrestrial (Neber, 2002) and inner shelf environments; and (4) radiometrically-dated sequence of the coastal cliff section (Frechen et al., 2002) . The sand sheets and Late Pleistocene aeolianite ridges of Israel's coastal plain. The wider parts of the coastal plain and coastal shelf are at the south (black arrow), while the narrow areas are at the north (red arrow). (c) Zoom into the Hadera area with existing logs, dated units and current study drilling location conducted in the 'lowland' area (grey polygon). (d) Zoom into Alexander area with existing logs and current study drilling location conducted in the 'lowland' area (grey polygon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Regional setting
Israel's Mediterranean coastal plain is an ideal location for studying Late Quaternary coastal evolution. Relative sea levels of the Mediterranean Sea generally track eustatic sea-level changes (Lambeck and Bard, 2000; Galili et al., 2007; Sivan et al., 2016) , and it is hypothesised that the Late Pleistocene synoptic regime over the Mediterranean was similar to the present (Enzel et al., 2008 ). Israel's coast is considered tectonically stable, at least since Marine Isotope Stage (MIS) 5e (Sivan et al., 1999; Galili et al., 2007; Mauz et al., 2013; , with low isostatic uplift rates of about 0.1 mm/year in the Holocene (Sivan et al., 2001; Anzidei et al., 2011; Toker et al., 2012) , and about 0.05 mm/year over about the last 125 ka .
The 190 km-long coastal plain of Israel widens from about 3 km in the north to about 15 km in the south (Almagor and Hall, 1984) . The continental shelf follows the same spatial pattern, widening from about 10 km in the north to about 20 km in the south (Fig. 1b) , with the shelf break situated at water depths of 80-130 m below mean sea level (bmsl; Almagor et al., 2000; Sade et al., 2006) . The sediments that cover the shelf and coastal plain mostly comprise of Nile derived quartz sand 1 to 9 m thick ( Fig.1a and b ; Picard, 1943; Emery and Neev, 1960; Pomerancblum, 1966; Neev et al., 1978; Zviely et al., 2009; Davis et al., 2012; Almagor et al., 2000; Zviely et al., 2006; Schattner et al., 2010 Schattner et al., , 2015 Roskin et al., 2016; Shtienberg et al., 2016) . This allogenic material is transported to the region through longshore currents, and is mostly deposited at water depths shallower than 40 m bmsl. The sand flux diminishes northwards and terminates at Haifa Bay (Fig. 1b for location) (Zviely et al., 2006; Hyams-Kaphzan et al., 2008) .
During the Quaternary, wave-and wind-induced currents transported these sediments landwards to the beach, from where they were windblown inland to form sand sheets and sand dunes ( Fig. 1b ; Gvirtzman et al., 1998; Porat et al., 2004) . The dunes later fossilized through dissolution of carbonate by meteoric waters and calcite cementation, forming calcareous aeolianite sandstone ridges (locally known as kurkar; Fig. 1b ; Yaalon, 1967; Gavish and Friedman, 1969; Almagor et al., 2000) . Up to eighteen aeolianite ridges trending parallel-sub-parallel to the shoreline rise above the surface of the coastal plain and the relatively flat sea-bed (Almagor et al., 2000; Mauz et al., 2013; and references therein) . The relationship between the spatial and temporal patterns of the coastal ridges and past sea-level changes is still not well established (Sivan and Porat, 2004; Mauz et al., 2013 due to the absence of an RSL curve, dating resolution and radiometric errors.
The Late Pleistocene aeolianite coastal ridges of Israel, located up to 3 km east of the present shoreline, are overlain by a thick brown-red sandy clayey loam soil (Chromic Luvisol) locally known as hamra (Gvirtzman et al., 1983 (Gvirtzman et al., , 1998 Engelmann et al., 2001 ). This soil sequence comprises sub-units that differ in their lithological characteristics (Frechen et al., 2002; Porat et al., 2004) . These palaeosol sub-units have a wide range of ages, sometimes synchronous with the aeolianite ridges, and sometimes younger, dating from about 87 to about 8 ka (Gvirtzman and Wieder, 2001; Frechen et al., 2002; Porat et al., 2004; Sivan and Porat, 2004; Mauz et al., 2013) .
Unlike the beach ridge sequence chronology, the coastal lowland sequences adjacent to the stream path and mouths have not been studied in detail. Boreholes drilled in the Carmel coast and Zevulun Plain lowlands (Fig. 1b) , reveal calcareous sandstone units down to 15 m below the present surface, dated to 101 ± 11 and 131 ± 16 ka (Sivan and Porat, 2004; Elyashiv, 2013) respectively, which are older than the base aeolianite of the coastal cliff (Engelmann et al., 2001; Frechen et al., 2002; Porat et al., 2004) . Dark brown to brownish-red clayey sand to sandy clay palaeosols uncomfortably overlay the sandstone units in the Carmel coast and Zevulun Plain lowlands. These sandy soils range from about 92 to about 8 ka, and contain hiatuses within units that are yet to be explored (Kadosh et al., 2004; Sivan and Porat, 2004; Cohen-Seffer et al., 2005; Elyashiv, 2013; Roskin et al., 2015) .
As sea level rose during the Holocene, the shoreline migrated eastwards, flooding the shallow shelf (depth shallower than − 20 m) at about 8 ka (Sivan et al., 2001 . Nilotic sand started to accumulate on the coast, and covered the coastal ridges and lowland palaeosols at about 7 ka (Engelmann et al., 2001; Frechen et al., 2001; Porat et al., 2004) . At about 3 ka, sea level stabilized at approximately the present mean sea level (MSL: Sivan et al., 2001 . During this time, the ridge that currently marks the shoreline was eroded, forming coastal cliffs which exposed its internal architecture (Katz and Mushkin, 2013) .
Methods

Compilation of existing datasets
Previously acquired stratigraphic, chronostratigraphic, geomorphic and spatial data from the study area were integrated into a single geospatial database using ArcGIS 10.3.1. Existing borehole data were collected from published research papers and reports ( Fig. 1c; supplements). The borehole compilation locations, elevations, and lithological descriptions were modified in ArcGIS tables. Existing DEM models (4 × 4 m bin size), soil maps, rectified aerial photographs and chronostratigraphic data of the study area were also uploaded to the ArcGIS database. Based on the relevant lithological data, the submerged calcareous sandstone top stratum topography was mapped using the ArcGIS Topo to Raster module (Fig. 2) .
New borehole drillings and petro-sedimentological analyses
In the current study, the locations of new drillings, all in the lowland areas, were chosen, based on a reconstructed shallow top calcareous sandstone surface (Fig. 2) . Coring was conducted along a 10 km-long N-S transect extending to 1.5 km east of the current shoreline by a Geo-probe 6620DT vibrocorer. Locations and elevations of seven continuous cores penetrating down to 15 m were measured using a Proflex 500 RTK-GPS with precisions of XY = ± 1 cm and Z = ± 5 cm respectively ( Fig. 1c and d) . Magnetic susceptibility (MS) and density were measured every 2 cm for each core. The measurements were conducted using a Geotek multi-sensor core logger equipped with a Bartington loop sensor, compatible for small diameter cores, producing a 0.565 kHz magnetic field.
The boreholes were sectioned lengthwise and logged, including Munsell colours. Brightness values ranging from 0 to 254 were assigned for each pixel though digital photography based on its colour appearance. Particle-size distribution (PSD) was carried out on 300 samples from the seven cores. The measurements, with a particle range of 0.02-2000 μm, were conducted with a Beckman Coulter LS 13 320 laser diffraction particle size analyzer.
Total organic carbon (TOC) and inorganic carbon (IC) measurements were conducted on 210 freeze-dried sediment samples of 0.2 g. TOC and IC were measured using a PrimacsSLC TOC analyzer. X-ray fluorescence (XRF) analysis was undertaken on 60 samples from Boreholes SY1 and ALX5, using the EX-310LC(ED) instrument, in an excitation voltage of 35 kV, with an 8 mm diameter beam. Faunal analysis was carried out on 30 selected samples from Borehole ALX5. Samples of 10 g dry weight were washed over a 63 mm sieve and dried. Sub-samples of 5 g were subjected to palaeontological analysis by Dr. Avnaim-Katav. Pollen analysis of ten samples was carried out by Dr. Langgut at the Laboratory of Archaeobotany and Ancient Environments, Tel Aviv University. Thin sections of the basal unit were analysed using an Olympus BX53-P petrographic microscope. Their structures and diagenetic features were classified, described and interpreted following Wright and Tucker (1991) , Wright (1992) , Adams and Mackenzie (1998) .
Optically stimulated luminescence (OSL) dating
Sixteen OSL samples were taken from Boreholes SY1, SDC1, SDC4 and ALX5 ( Fig. 1c and d) . The samples were prepared and measured at the Luminescence Laboratory of the Geological Survey of Israel, Jerusalem. Quartz grains (125-150 μm) were extracted using routine laboratory procedures under subdued orange light (Davidovich et al., 2012) . After wet-sieving to the desired grain size, carbonates were dissolved with 8% HCl. The rinsed and dried samples were passed through a Frantz magnetic separator to remove heavy minerals, undissolved carbonates, and most feldspars. A 40-min rinse in 40% hydrofluoric acid (HF) dissolved any remaining feldspars and etched the quartz grains, followed by rinsing in 16% HCl overnight to remove any fluorides which may have precipitated.
OSL measurements were carried out on a refurbished Risø DA-12 or DA-20 TL/OSL reader equipped with an integral 90 Sr β source, with dose rates of 2.8 Gy/min or 2.3 Gy/min, respectively. Stimulation was achieved with blue LEDs, and detected through 7 mm U-340 filters. The SAR protocol of Murray and Wintle (2000) was used to determine the equivalent dose (De). Preheat and cut heat temperatures of 260°C and 220°C were selected respectively, after dose recovery tests showed that with such preheats known doses can be recovered to within 95%. Individual aliquots (13 to 20 for each sample) were measured, and the average De errors were calculated using the unweighted mean and standard deviation. OSL ages are presented as thousands of years (ka) before 2015.
The sixteen OSL ages obtained in this study are considered reliable (Table 1) , with bright and rapidly decaying OSL signals, recycling ratios within 5% of unity, little recuperation and no feldspar contamination. De distributions are mostly tight (over-dispersion values from 8% to 25%), indicating that the samples were well bleached 
De ( at the time of deposition. The ages are in stratigraphic order within errors, and are consistent within each unit (Fig. 4) .
Results
The sedimentary sequence of the Alexander-Hadera lowland ( Fig.  1c and d) consists of five Units (F1-F5), which unconformably overlie the basal unit (Fig. 3) . The lithological classification of each unit was obtained through integration of the morphological and sedimentological database. Correlation between units was based on morphological features, thickness, elevations, litho-stratigraphical relations, sedimentological and petrophysical similarities:
Basal unit (BU)
The top 0.5 m of the basal unit of the sequence was reached in Boreholes SDC4, SY5 and ALX4 (Figs. 1, 3a and c). The upper parts of this unit, whose elevations range from − 8.3 to + 4.8 relative to the Israel Land Survey Datum (mILSD), are characterized as indurated-brittle cemented sand, while it is identified colour ranges from light reddish grey to dull yellow orange. The unit is dated by OSL in Core SDC4 to 130 ± 31 ka (Table 1 ; Fig. 3a ).
Samples from Boreholes SDC4 and SY5, retrieved 5 cm beneath the unit's surface, were examined in thin sections. Samples display well sorted, sub-angular to sub-rounded quartz grains coated by brownish micrite carbonate, while pore space is also filled by micrite. Shell fragments, benthic foraminifera (Ammonia parkinsoniana, Miliolid) and red algae (Amphiroa sp.: Appendix 1) were found solely in Borehole SY5. Based on the micromorphology of the quartz grains and the lack of substantial marine microfauna remains, this basal unit is interpreted as the calcareous sandstone aeolianite surface.
A tentative interpretation (due to sparse spatial sampling) of the buried calcareous sandstone surface (basal unit) reveals two depressions (Fig. 2) . The northern one, near N. Hadera, covers an area of 3.4 km 2 , and consists of three 6 km-long N-S sub-basins parallel to the shoreline. The basins range from + 10 to − 10 mILSD, and stretch up to 1.3 km inland from the present shoreline. The southern basin, adjacent to N. Alexander, covers an area of 1.4 km 2 , and is an oval depression with its long axis oriented NE-SW. It ranges from elevations of + 14 to − 6 mILSD, and stretches up to 1.4 km inland from the present shoreline.
Unit F1
Overlying the Basal Unit is Unit F1, identified in Boreholes SDC4, ALX4 and SY5, with the texture of a sandy loam, with a thickness ranging from 0.4 to 0.8 m (Fig. 3) . The surface elevation ranges from − 7.5 to + 5.3 mILSD, and is characterized as a sediment Fig. 3 . a, b, c: Boreholes SY5, SDC4, SY1, ALX4, ALX5, SDC2 and SDC1 (location displayed in Fig. 1 ) with lithological unit classification, colour description (Munsell colour chart), brightness analysis (0 to 254; Campbell, 1996) , sedimentological, MS, geochemical results, lithological interpretation and OSL sampling location and ages along the core. XRF analyses were conducted in Boreholes SY1 and SY5 for Fe and Al. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) with irregularly-shaped hard calcareous cemented sand pebbles. The size and abundance of the pebbles decreases upward from 1 cm, and they are absent at the top of the unit. Colour ranges from dull brown to light orange. F1 is defined as an Orange Palaeosol unit containing no microfauna or pollen, and is OSL-dated in Core SDC4 to 104 ± 22 ka (Table 1; Fig. 3 ).
Unit F2
Unit F2 lies conformably on Unit F1 (seen in Boreholes SDC4 and SY5: Fig. 3 ). Its thickness varies from 1 to 3.5 m, while surface elevations range from − 4.3 to + 5.1 mILSD. Colour ranges from light reddish brown to bright brown, while grain texture becomes finer upwards, and ranges between loamy sand and sandy loam. Elemental analyses show relatively low concentrations of Fe and Al, which increase toward the top of the unit. These concentration variations correlate with the changing MS values silt and clay content (Fig. 3b) . F2, which is defined as the Red Palaeosol unit, contains no microfauna or pollen. This unit is OSL-dated in Core SDC1 to 71 ± 18 ka (Table 1 ; Fig. 3 ).
Unit F3
Unit F3, which occurs in all the boreholes studied, conformably overlies Unit F2 (Fig. 3) . Its thickness varies from 1.8 to 4.5 m, while its surface elevations range from − 4 to + 7.8 mILSD. Grain texture and colour range between sandy clayey loam and sandy loam and dark reddish brown to brown respectively. Elemental analysis shows relatively high concentrations of Fe and Al, which again correlate with the fluctuating MS values and silt and clay content (Fig. 3b) . F3 contains no microfauna or pollen, and is interpreted as a Brown Palaeosol unit. Its age is constrained by seven samples from two cores ranging from 58 ± 8 to 36 ± 9 ka (Table 1; Fig. 3b ).
Unit F4
Unit F4 conformably overlies the Unit F3 in Boreholes SY5 and ALX5 (Fig. 3) , while in Borehole ALX4 it is situated in between two lithofacies of the Brown Palaeosol unit. The unit thickness varies from 0.5 to 2 m, while its surface elevations range from − 3.4 to + 7 mILSD. The unit's grain texture ranges between clay and sandy clay loam, while colour ranges between yellowish-grey and brownish-grey. Elemental analysis conducted in Borehole ALX5 shows a decreasing trend in concentrations of Fe and Al compared to F3, which are in agreement with MS values (Fig. 3b) . F4 is homogeneous, and microfauna and pollen are absent, except for Borehole ALX5, where Zannichellia palustris seeds were identified, suggesting a brackish marsh environment. These characteristics led to the understanding that the F4 dark silty clay was deposited in wetlands. The wetland unit presents three OSL ages: 21 ± 4, 10.2 ± 2 and 10.8 ± 1.4 ka, which were sampled from the bottom, 20 cm below the surface and from the surface of the unit respectively (Table 1; Fig. 3 ). The ages sampled in the upper part of the unit overlap within measurement errors. 
Unit F5
The topmost unit (F5) is found in all of the boreholes. F5 overlies Unit F4 in Boreholes ALX5 and SY5, while in SDC1, SDC2, SY1 and ALX4 (Fig. 3) it covers Unit F3. The unit's thickness ranges from 1.3 to 8 m, and its surface elevation ranges from + 1.2 to + 9.6 mILSD. Unit F5 grain texture ranges from sand to sandy loam, and consists of two identified sub-lithological units, described from bottom to top in Appendix 2.
1. Sub-unit F5a is identified in Boreholes ALX5, SY5 and SY1. The facies colour ranges between yellowish-light grey and greyish-yellow. Elemental analysis shows decreasing concentrations up the section of Fe and Al that are generally lower than in Units F3 and F4 (Fig. 3b) . The sub-unit elevations range from − 2.5 to + 1.2 m ILSD, accompanied at times by soft cemented sand aggre gates. Bivalve shell and shell fragments are evident throughout. This relatively poorly sorted sub-unit is identified as beach sand, and was dated by OSL in Core ALX5 to 6.6 ± 0.9 ka (Table 1 ; Fig.  3 ). 2. Sub-unit F5b is found in all of the boreholes in the current study, and is partly accompanied by land snails. Its thickness ranges from 0.2 to 7 m, while the facies sediment colour ranges between grey and pale yellow. In Boreholes SY1, SDC2, SDC4 and SDC1 pottery remains are evident in several sediment horizons, while small glass remains (less than 0.5 cm), bone fragments, micro-charcoal and lithic fragments of chalk (less than 1 cm) also occur in SY1. Elemental analysis conducted in Borehole SY1 shows varying concentrations of Fe and Al, peaking at + 5.5 mILSD, in agreement with MS values (Fig. 3b) . This relatively well-sorted sub-unit is interpreted as aeolian sand, and was dated by OSL in Core ALX5 to 3.6 ± 0.5 ka (Table 1 ; Fig. 3 ).
Unit F5 as a whole is interpreted as an unconsolidated beach aeolian sand unit.
Discussion
Depositional environments of the coastal lowlands
The Hadera-Alexander sedimentological units consist mainly of quartz sand in various forms: at the base of the sequence as a lithified calcareous sandstone, while the overlying unconsolidated units have undergone pedogenesis, forming loams of various types. These units have been covered since the Mid-Holocene by windblown sand ( Fig.  5a and d ; Roskin et al., 2015) . Based on these units, four depositional environments -terrestrial (soils), wetland (clay loam), beach (sand) and aeolian -were identified:
1. Terrestrial -These units include the three palaeosols F1, F2 and F3, barren of fauna and pollen, consisting of orange to brown loamy sand to silty clayey sand, with MS values of 50-250 (× 10 − 8 m 3 kg − 1 ) and low CaCO 3 content (Fig. 3) . The MS values correlate with the varying silt-clay percent and ferro-magnetic minerals, which point to fine aeolian dust, deposited by rain into the unconsolidated and porous sand profile, driving the pedogenic processes (Gvirtzman and Wieder, 2001; Tsatskin et al., 2008 Tsatskin et al., , 2015 . CaCO 3 content is derived from shell fragments which have been transported inland from the coastal zone/beach. The extent of the pedogenesis process determines the concentration of CaCO 3 ; the longer the process of pedogenesis, the lower is the concentration of CaCO 3 as seen in the profile as a result of carbonate dissolution due to leaching (Dan et al., 1968; Yaalon, 1997; Tsatskin and Ronen, 1999) . Based on the high sand content (higher than 70%) and their associated ages, these palaeosols are presumed to have been formed in the relatively moderate to flat topography of the coastal plain a few hundred metres to several kilometres from the palaeo-coastline when sea level was lower, during most of the last glacial-interglacial period (100-8 ka). 2. Wetland -This unit includes the wetland Facies F4, which consists of organic (about 1%) clay to sandy clay loam sediments which are CaCO 3 -free. Although the unit contains no microfauna or pollen, Zannichellia palustris seeds were identified. These sedimentological properties and the aquatic plant seeds support the interpretation of these sediments being deposited in a brackish marsh environment, while the lack of palaeontological and palynological remains, together with the extended episode of the unit's existence (21-10 ka), suggest prolonged exposure of the sediment to aerial conditions and oxidation. 3. Beach -These sediments include the beach Facies F5a, consisting of poorly-sorted coarse to fine quartz sand (Appendix 2), bivalve shell fragments, allochthonous benthic microfauna and scarce red algae remains, indicating high wave energy of surf zone to the coastline environment. The unit elevations range from − 2.5 to + 1.2 mILSD. 4. Aeolian -These sediments include sand Facies F5b, and consist of fine well-sorted round quartz sand (Appendix 2), with terrestrial land snail shell fragments, devoid of other fauna. These characteristics suggest sediments that were windblown inland, creating terrestrial sand sheets. Within this facies some horizons include additional features (e.g. potsherds, bone remains and greyish hues). These horizons are probably of anthropogenic origin (Porath, 1975; Roskin et al., 2015) ; however, further study is required to establish this hypothesis.
Coastal lowland and coastal cliff chronostratigraphic correlation
The coastal lowland sequence which was studied here in detail for the first time can be correlated with the coastal cliff sequence (Fig.  5 ) located along most of Israel's shore from Ashkelon to the Carmel coast (Fig. 1b) . The correlation is based on the lithological description, petro-sedimentological characteristics, accompanying features, and a stratigraphic position comparison of our new OSL ages with published ages (Gvirtzman et al., 1983 (Gvirtzman et al., , 1998 Engelmann et al., 2001; Frechen et al., 2001 Frechen et al., , 2002 Gvirtzman and Wieder, 2001; Neber, 2002; Porat et al., 2004; Tsatskin et al., 2009; Moshier et al., 2010; Mauz et al., 2013) . This correlation suggests that the coastal lowlands are dominated by palaeosol units with little if any aeolianites, while the coastal ridge sections consist primarily of aeolianites interbedded by palaeosols.
The basal unit (BU) of the studied sequence dates to 131 ± 30 ka ( Table 2 ). Relying on the field description, sedimentological analyses (Fig. 3) and micromorphology (Appendix 1), we propose that this calcareous sandstone unit was deposited in a beach-terrestrial environment. Based on this age range, the stratigraphical position and fea a IRSL ages of K-feldspars. The ages were obtained 15-20 years ago using IR50, and were not corrected for anomalous fading. The true ages could be as much as 20 to 30% older (Thomsen et al., 2008) .
tures of the units can be correlated with the upper terrestrial facies of Herzliyya kurkar (i.e., 98 ± 6 ka; Mauz et al., 2013) , which was found at elevations ranging from a few metres above ILSD on the Carmel coast to about − 75 mILSD in southern Israel ( Fig. 1b ; Gvirtzman et al., 1983; Frechen et al., 2004) . Overlying the Herzliyya kurkar is the Orange Palaeosol (F1), dated to about 104 ± 22 ka (Fig. 3a) . A similar facies, with corresponding sedimentological appearances (hue, lithology, grain size, CaCO 3 and accompanying irregularly-shaped calcareous cemented sand nodules), has been identified 2 km south of Borehole SDC4 and dated to 87 ± 17 ka (Roskin et al., 2015) . Based on this age range, the stratigraphical position of the units (Gvirtzman et al., 1983) and features can be correlated with the Kfar Vitkin palaeosol (Gvirtzman et al., 1998; Frechen et al., 2004) , which was found at elevations ranging from about + 8 mILSD to about − 70 mILSD ( Fig. 1b; Gvirtzman et al., 1998; Frechen et al., 2004; Tsatskin et al., 2009 ). There are differences between the two units, with F1 having lower silt and clay concentrations and lower MS values than the Kfar Vitkin palaeosol (Mauz et al., 2013) . These sedimentological differences are proposed to be a result of relief differences and slope angle variations between the two areas, leading to lateral erosion of sediments in the sloping areas and re-deposition in the depression (Dan et al., 1968; Yaalon, 1997; Tsatskin et al., 2009) .
The Orange Palaeosol unit is covered by the Red Palaeosol (F2), which is dated to about 71 ± 18 ka (Fig. 3c) . During the depositional time of the Red Palaeosol parent material, from 80 to 55 ka, sand was deposited on the coastal plain of Israel in a thickness ranging from 2 to 40 m (Zilberman et al., 2007; Roskin et al., 2013) , forming dunes and sand sheet complexes. Since stream energies were greater during periods of low sea levels, mainly due to higher gradients and incisions (Suter and Berryhill, 1985; Anderson et al., 1996; Blum and Tōrnqvist, 2000 and ref. therein) , the streams limited sand deposition in their channels, consequently transporting the sand back to the coastline where it was deposited. The sand removal from the stream outlets and dune build-up over the rest of the area led to the formation of the lowlands (Fig. 1c and d) . Moreover, the synchronous deposition of the dune-sand sheet complex (up to 40 m) and the slow sand sheet accumulation in the coastal lowland (up to 4 m) led to the concurrent development of the coastal ridges Givat Olga Member (aeolianites interbedded by Nahsholim Palaeosol; Gvirtzman et al., 1983 Gvirtzman et al., , 1998 and lowland Red Palaeosol (Figs. 5 and 6; Frechen et al., 2002; Mauz et al., 2013) .
The Red Palaeosol is overlain by a dark reddish-brown to brown unit with sandy clayey loam to sandy loam grain texture (F3). This Brown Palaeosol consists of high Fe and Al concentrations, which are in agreement with fluctuating MS values, and is dated to between 58 ± 8 and 36 ± 9 ka (Figs. 3 and 4) . The carbonate percentage, particle size, MS and chronology of the Brown Palaeosol are comparable to the lower coastal cliff Netanya palaeosol sub-unit ( Fig. 5 ; Gvirtzman and Wieder, 2001 ). The upper sub-units of the Netanya palaeosol are dated from 12 to 8 ka at varying elevations ranging from + 10 mILSD to about + 40 mILSD in an N-S section from the Sharon coast to Ashkelon in the south (Figs. 1b and 5 ; Gvirtzman et al., 1983 Gvirtzman et al., , 1998 Frechen et al., 2002; Porat et al., 2004; Mauz et al., 2013) . Even though the top of the lowland Netanya palaeosol was not dated in this study (Appendix 3) the unit's surface was dated in a similar geomorphic location south of Rishon-Lezion (Fig. 1b) to 8.6 ± 2.5 ka (Roskin et al., 2016) .
In several boreholes adjacent to the stream paths, a dark silty-clay deposit (F4) was identified covering the Brown Palaeosol. This wetland facies, dated from 21 ± 4 to 10 ± 2 ka, was also identified along the Carmel coast (Kadosh et al., 2004; Cohen-Seffer et al., 2005; Sivan et al., 2011 among others) adjacent to stream systems but was not detected on the higher coastal ridge sequence (Fig. 4) .
The topmost unit identified in the lowlands consists of four sandy units deposited from 6.6 to 0.1 ka ( Fig. 6 ; Roskin et al., 2015) which correspond closely to three aeolian units deposited on the coastal ridges (6.2 to 0.1 ka): Hadera; Ta′arukha sand; and the Tel-Aviv kurkar (Gvirtzman et al., 1983) .
Global to regional-scale triggering forces influencing the formation of the coastal stratigraphy
The reconstructed chronostratigraphy for the lowlands and coastal cliff can be linked to both global and regional environmental proxies, in order to highlight the triggering and driving forces that shaped the Israel coastal evolution over the last 110 ka. In the following sections the contribution of global sea-level, together with regional climate, is discussed.
Low sea levels and their controls on sedimentation gaps
From about 110 ka to the Middle Holocene, the continental shelf was partly-fully exposed due to lower than present sea levels (Fig. 6) . The common parent material of the last glacial-interglacial coastal sequence of Israel and the relatively continuous ages (Figs. 4 and 5) suggest that the longshore transport of sand from the Nile Delta to the coastal zone was fairly continuous during most of the period studied. Nevertheless, both the lowland and coastal cliff sequences highlight a possible depositional time gap in the Netanya palaeosol from about 33 to 12 ka (Figs. 5 and 6 ). The disruption in sand accumulation is supported by various studies from across the southern (Zilberman et al., 2007; Roskin et al., 2011a) , central (Gvirtzman et al., 1998; Gvirtzman and Wieder, 2001; Sivan and Porat, 2004) and northern (Zviely et al., 2006; Elyashiv, 2013 ) Israeli coastal plain, in which only a single age of 19 ± 2 ka was obtained by Frechen et al. (2001) , sampled from a coastal ridge in central Israel. Global eustatic sea level curves (Spratt and Lisiecki, 2015) , regional eustatic sea level proxy records (Anzidei et al., 2011; Rohling et al., 2014) , local RSL data (Sivan et al., 2001) and erosive unconformity from subsurface profiles (Schattner et al., 2010 (Schattner et al., , 2015 suggest that this gap is associated with the LGM lowstand (33 to 15 ka), and then from 15 to 12 ka during the rapid RSL rise. During the lowstand, sea level ranged from − 85 to − 130 mILSD, and the shoreline was situated below the shelf-break (Figs. 6i and 7e) . The shelf-break curvature -exceeding 1°- (Almagor et al., 2000) and its ridged surface (Schattner et al., 2010 (Schattner et al., , 2015 served as a further barrier to easterly aeolian transportation of sand (Posamentier et al., 1992; Mauz et al., 2013; Shtienberg et al., 2016) . A depositional gap of aeolian sediments during lower sea level phases has been described for other Mediterranean coastal areas, and even beyond it. These included Egypt (El-Asmar, 1994; El-Asmar and Wood, 2000) , Tunisia (Mauz et al., 2009; Elmejdoub et al., 2011) southern Spain (Zazo et al., 2008) and the Canary Islands (von Suchodoletz, et al., 2010) , occurring from 70 ka in the Mediterranean and from 30 ka in the Canary Islands to Mid-Holocene. The longer hiatuses in sedimentation documented in the northern coasts of Egypt (shelf-break curvature 0.15°) and northern Tunisia (0.1°) are presumed to be the result of the shallower coastal profile, compared to Israel's shelf bathymetry (0.5°) (Almagor et al., 2000; Sade et al., 2006; Amante and Eakins, 2009) .
At the end of the LGM (about 20 to 19 ka), sea level rose rapidly, reaching − 85 m by 15 ka (Fig. 6h ; Lambeck and Purcell, 2005) . As a result of the fast transgression (Waelbroeck et al., 2002; Rohling et al., 2014; Spratt and Lisiecki 2015) , accommodation space outpaced Fig. 4 . The current study borehole lithofacies and accompanied ages (see supplemental map for locations) are represented from north to south against the dated Olga coastal cliff sequence (Frechen et al., , 2002 and Olga north parabolic dune base borehole (Roskin et al., 2015) . The litho-chronology is about 6 ka (sandbase), about 50 ka (middle of Brown Palaeosol unit) and about 130 ka (top of the calcareous sandstone basal unit) and are projected and indicated by dashed lines. Since the Olga cliff sequence did not extended lower than 0 m ILSD, and chronologically reached about 67 ka, the subsurface elevation of the basal units are estimated based on Gvirtzman et al. (1983) . These submerged units (Kfar Vitkin palaeosol and Herzliyya kurkar) are indicated with mottled grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) sediment supply, hindering sand deposition on the coastal plain until 12 ka.
Regional processes affecting pedogenesis
The environment of deposition and post-depositional changes on Israel's coastal plain have inevitably been affected by climate change. Such regional processes are identified in the sediments of both the lowland coastal plain and the coastal cliffs. These sediments pedogenised into Netanya palaeosol across most of Israel's coastal plain ( Fig. 5 ; Gvirtzman et al., 1983; Gvirtzman and Wieder, 2001; Neber, 2002; Tsatskin et al., 2008) . − 8 m 3 kg − 1 ), which are high compared to the other units found in the Quaternary sequence, and the red-dark brown hues are the result of continuous enrichment by aeolian dust and illuviation of the clay's associated magnetic iron-rich minerals (Fig. 3b) , e.g. smectite (Dan et al., 1968) . These petro-sedimentological characteristics are temporally associated with regional climate proxies that include lower δ 18 O values and oak types ( Fig. 6c to f ; Bar-Matthews et al., 2003; Revel et al., Langgut et al., 2011) , suggesting relatively wetter climatic conditions during pedogenesis 1997; Tsatskin and Ronen, 1999; Gvirtzman and Wieder, 2001 ). These wetter climatic conditions, coaeval with Sapropel S2, also enhanced pedogenesis across the Canary Islands, which were influenced by fluctuations in the Saharan dust supply, and are reflected in changes in environmental conditions in the northwest African region (Bozzano et al., 2002) . For example, a clay-rich, brown-red palaeosol with high MS values was formed throughout Lanzarote, dated from 55 to 30 ka (von Suchodoletz et al., 2010) .
Evolution of the coastal plain of israel during the Late Quaternary
During MIS5e, sea level was 1 to 7 m higher than at present ( Fig.  6i ; Galili et al., 2007; Hearty et al., 2007; Kopp et al., 2009 Kopp et al., , 2013 Rohling et al., 2014; Dutton et al., 2015; Spratt and Lisiecki, 2015; Sivan et al., 2016) . Based on the reconstructed topography of the Late Pleistocene calcareous sandstone surface (Fig. 2) , together with Boreholes Caesarea IEC1; Hadera 1, Kfar Vitkin T/48/0 (Fig. 1c and d) , and the elevation of the Herzliyya kurkar surface along Israel's coastal plain (Gvirtzman et al., 1983) , we propose that over this period inland flooding occurred, creating an irregular coastline with estuaries, bays and headlands (Fig. 7a ). Based on a simplified reconstruction combining sea level data from Spratt and Lisiecki (2015) and modern-day bathymetry of the Israeli continental shelf (Hall, 1994) , the approximate distance from present shoreline is shown in Fig. 6h from 115 ka onward.
From about 110 to 80 ka, sea level fluctuated by magnitudes of about ± 25 m, while the shoreline was located up to 5 km westward (Fig. 6h) . Nilotic sand, which continued to be deposited on the palaeo-shores (present day offshore) of Israel, was windblown inland, dispersing on the palaeo-coastal plain. The aeolian sand covered the basal aeolianite (BU) as a thin (about 1 to 2 m thick) sand sheet (Fig. 7b) , in some areas leaving the surface exposed for long periods. The sedimentological characteristics of the Orange palaeosol, consisting of light orange sandy loam with hard calcareous cemented irregularly-shaped sand pebbles, the size and abundance of which decrease from the bottom to the top of the unit, were identified in the Hadera-Alexander lowland (Fig. 1c, d ) and on the Carmel coast (Frechen et al., 2004; Tsatskin et al., 2009; Roskin et al., 2015) . These characteristics suggest that the basal aeolianite surface (BU) partly weathered back to its parent material (C horizon). The weathered aeolianite material and newly deposited Nilotic quartz sand pe dogenised to form Kfar Vitkin Palaeosol. In the Carmel coast this unit has a red-dark red colour, high MS values and higher silt and clay contents ( Fig. 3 ; Frechen et al., 2004; Tsatskin et al., 2009; Mauz et al., 2013) . The ages of the unit correlate to similar dark red silty clayey palaeosols that formed on the northern coasts of Egypt and Tunisia (El-Asmar and Wood, 2000; Elmejdoub et al., 2011, who propose their connection with the wetter climate of Sapropel 3) (Fig. 6) .
Between 80 and 55 ka, sand accumulated across the coastal plain, covering the Kfar Vitkin Palaeosol (Fig. 7c) . Deposition was limited close to the stream outlets, eventually resulting in sand sheets only 2 m thick. Following stabilization at about 55 ka, the sand unit close to the streams slowly pedogenised into the Red Palaeosol (Figs. 5,  6 and 7c). The pedogenesis process was controlled by the interaction of dust accumulations and precipitation. The source of the dust that accumulated on the coastal plain of Israel was either solely or jointly supplied by the wide exposed shelf, Sahara deserts (Enzel et al., 2008) , or the north of the Sinai-Negev dune field (Ben-David, 2003; Crouvi et al., 2012) . The post-depositional pedogenic process took place during wetter periods, enabling hydrolytic weathering of silicate minerals and leaching of dispersed clay minerals in the soil profile. The process ended when sand deposition exceeded the pedogenic process, resulting in the burial of the soil, and leading to a new pedogenetic cycle (Yaalon, 1967 (Yaalon, , 1997 Tsatskin and Ronen, 1999; Gvirtzman and Wieder, 2001; Mauz et al., 2013) . Due to the low to moderate silty-clay content, the light hues contain relatively low concentrations of Fe, Al, and the MS values of the Red Palaeosol. This unit is interpreted as a moderately developed palaeosol (Fig. 3b) . We propose that the Red Palaeosol is the outcome of the relatively dry conditions which prevailed between 80 and 55 ka, in light of the relatively constant aeolian dust supply during the formation of the three lowland palaeosol units from 80 to 25 ka ( Fig. 6c-e ; Cheddadi and Rossignol-Strick, 1995; Larrasoaña et al., 2008) . In other locations, distant from the stream paths, dune-sand sheet complexes up to 40 m thick were deposited, eventually forming the lower exposed units of the present-day shore-parallel ridges (i.e. Givat Olga member; Figs. 5 and 7c; Gvirtzman et al., 1998; Engelmann et al., 2001; Mauz et al., 2013) .
The regressing sea level reached about − 65 mILSD by 55 ka, and from about 55 to 35 ka it fluctuated by about ± 10 m ( Fig. 6h ; Waelbroeck et al., 2002; Rohling et al., 2014) . During this time of RSL stability, windblown quartz sediments covered Israel's palaeo-coastal plain (Fig. 7d) by an average thickness of about 3.5 m (Fig. 5a ). Based on a correlation conducted across most of Israel's coastal plain and in two shallow shelf locations (depth shallower than − 40 mILSD) located offshore, the southern (Ashkelon; Porat et al., 2003) and central (Hadera; Shtienberg et al., 2016) coasts of Israel, it is evident that this sand sheet pedogenised into Netanya Palaeosol (Gvirtzman et al., 1983; Gvirtzman and Wieder, 2001; Neber, 2002; Tsatskin et al., 2008) . The sedimentological and petrophysical characteristics of Netanya Palaeosol suggest a unit which is fully pedogenised (Yaalon, 1997; Gvirtzman and Wieder, 2001 ) along most of the palaeo-coastal plain of Israel. Regional climate proxies indicate that the pedogenesis of the Netanya palaeosol occurred during an alternating relatively wet climate that prevailed from about 55 to 45 ka, and dry climate from about 45 to 35 ka ( Fig. 6 ; Cita et al., 1977; Cheddadi and Rossignol-Strick, 1995; Lourens et al., 1996; Revel et al., 2010) . These changing climate periods were accompanied by a relatively constant dust accumulation (Enzel et al., 2008) , interpreted from the MS values (Fig. 6 ) of the Ocean Drilling Program ODP 160-976 (see location in Fig. 1b ; Larrasoaña et al., 2008) . A rapid drop in sea level occurred from about 35 ka to 20 ka, when sea level fell from about − 85 mILSD to a minimum of about − 135 mILSD (Rohling et al., 2014) , resulting in shoreline migration from about 11 km to about 14 km offshore (Fig. 6h) . The regressing coastline was accompanied by increased windiness and dry and cold conditions, which continued until about 16 ka ( Fig. 6 ; Bar-Matthews et al., 2003; McGee et al., 2010; Revel et al., 2010; Roskin et al., 2011a Roskin et al., , 2011b . Much like the coastal areas of northern Tunisia (Elmejdoub et al., 2011) and the Huelva coast in south-western Spain (Zazo et al., 2005) , the low sea level and climate conditions left the coast and exposed shelf sediment starved, inducing an erosional hiatus.
At the end of the LGM, sea level rapidly rose, ( Fig. 6h ; Waelbroeck et al., 2002; Lambeck and Purcell, 2005; Spratt and Lisiecki 2015) , hindering sand deposition on the coastal plain unit until 12 ka. A dark-grey silty clay facies was identified adjacent to the streams in the Alexander and Hadera lowlands (Figs. 3 and 7e) , indicating wetlands. These wetlands resemble, in their location and age, the wetlands on the coast and the shallow shelf of southern (Porat et al., 2003) , central (Neev et al., 1978; Kadosh et al., 2004; Sivan et al., 2011; Shtienberg et al., 2016) , and northern Elyashiv et al., 2016) Israel. As suggested by Sivan et al. (2011 ), Elyashiv et al. (2016 and Shtienberg et al. (2016) , such units were deposited on the coastal plain as a result of stream overflows affected by rising sea level and a wetter climate, which changed from about 15 ka, as a result of the extreme insolation values ( Fig. 6c and d ; Bar-Matthews et al., 2003; Revel et al., 2010; Langgut et al., 2011) .
During the Pleistocene-Holocene transition, sea level transgression rates slowed ( Fig. 6h ; Lambeck and Bard, 2000) , and the palaeo-shoreline was located about 3 km offshore of its current position (Fig. 6h) . Consequently, sediment transport recommenced from the Nile Delta by the longshore currents and was carried landward by the wind. The depositing sand pedogenized to form the upper sub-units of Netanya Palaeosol identified on the coastal ridges and lowlands, dated from 12 to 8 ka (Fig. 5; Gvirtzman and Wieder, 2001; Porat et al., 2004; Roskin et al., 2016) . The earliest documented deposition of the upper, unconsolidated, sand is about 8 ka ( Fig. 5 ; Gvirtzman and Wieder, 2001; Mauz et al., 2013) , and is proposed to be the result of two contributing factors: (a) erosion of the Nile Delta as a result of the rising sea levels, consequently increasing the sediment discharge to the Levantine basin ( Fig. 6h ; Stanley and Warne, 1998; Revel et al., 2010) ; and (b) closer coastlines and slower sea level rise. The high sediment discharge hypothesis is supported by higher sedimentation rates of 55 cm/ka and 110 cm/ka calculated from the deep-sea Cores 9505 and MS27PT (Fig. 1a; Revel et al., 2010; Langgut et al., 2011; ) , respectively, and higher fluxes of up to 180 cm/ ka in the shallow marine Cores V115, V101, located 1.5 km seaward from the current shoreline in a water depth of − 30 m ( Fig. 1b ; Mor-Federman, 2012) . In addition, the shoreline reached about 1.5 km offshore from its present position (Fig. 6h) .
Archaeological observations from the coast confirm that sea level continued to rise during the early stages of the Holocene until about 6-7 ka, when transgression slowed considerably. Then, at about 6 to 4 ka, as sea level and the coastline almost reached their present elevation and location ( Fig. 6 ; Sivan et al., 2001 Anzidei et al., 2011; Toker et al., 2012) , the volumes of windblown sand which accumulated along the coast increased (Roskin et al., 2015 and ref. therein) . The initiation and timing of the current wind-induced beach sand build-up is dated to 5 ka in the shallow shelf by Porat et al. (2003) , Reinhardt et al. (2006) , Goodman-Tchernov et al. (2009) , and on the coast mainly by Roskin et al. (2015) ,. A1.5 m-thick bioclastic sand facies (Figs. 3 and 4) , found in the current study in the lowland area of the Alexander stream, was dated to between about 6.6 and 3.3 ka (Table 2) . Based on its location, elevation range (+ 1.3 to + 0.3 mILSD), the relatively high percentage of the bioclasts, and the covering aeolian sand unit, we suggest that in the stream outlets the sea penetrated inland and created estuaries (Appendix 2). In these areas the coastline reached about 1 km inland at about 4 ka (Raban and Galili, 1985) , and progradated to its current position at about 3 ka. These late Holocene embayments resemble, on a smaller scale, those described in Haifa Bay and the Zevulun Plain ( Fig.1; Zviely et al., 2006; Porat et al., 2008; Elyashiv et al., 2016) . From 6 to 4 ka, a sequence of bioclastic sand 1 to 3 m thick was deposited along most of Israel's coastal cliff. This bioclastic sand eventually calcified to aeolianite (Tel Aviv kurkar) ( Fig. 7f ; Gvirtzman et al., 1998; Frechen et al., 2002; Porat et al., 2004) , although its formation has yet to be properly examined. As the sea level and coastline position stabilized, greater volumes of sand were windblown inland (Fig.  7f) . The aeolian sand overlaid the lowland areas around the estuaries, and created ridges reaching a thickness of up to 7 m ( Fig. 3 ; Roskin et al., 2015) .
Conclusions
For the first time the Late Pleistocene history of the coast lowlands of Israel has been examined through a combination of high-resolution petro-sedimentological methods and OSL ages, enabling reconstruction of the palaeogeography and landscape evolution processes. The coastal reconstruction, combined with earlier interpretations of the coastal cliff sequences, reveal that over the last glacial-interglacial cycle the stratigraphy of the coastal plain of Israel was dominated mainly by aeolian, and to a lesser extent, fluvial, processes. The variation in lithology and facies captures six sedimentation cycles and three post-deposition processes (weathering, lithification and pedogenesis).
The conclusions from this study are:
1. The chronological association between the lowland and coastal cliff sequences reveals dissimilarities in lithologies over time. We propose that these differences, which often occur over distances smaller than 1 km, are the result of local factors, such as the ancient topography and locations of stream courses, which subsequently affected the depositional/erosional rate and soil-forming processes. As a result, two aeolianite units that exist in the coastal cliff are missing in the lowland sequence, and are replaced by thicker and more developed palaeosol units. 2. The fluvial system location did not change considerably from about 80 to 5 ka. However, the streams had a profound influence on the stratigraphical composition and related facies, due to fluvial induced erosion which shaped the evolving topography. Consequently, the relief variations between the lowland and cliff controlled aeolian, pedogenesis, and alluvial processes. 3. Correlation between sea-level fluctuations over the last interglacial and the coastal sedimentological sequence shows no distinct influence of sea level on the deposition and formation of the coastal sequence -apart from two periods: during the LGM lowstand (33 to 15), and from 15 to 12 ka. We suggest that a gap in deposition of about 20 ka was caused by the low RSL from 33 to 15 ka, which prevented sediments from reaching the palaeo-coastal plain, while from 15 to 12 ka the rapid transgression outpaced sedimentation supply to the coast. 4. The Holocene sand unit started to accumulate at about 8 ka on the shallow shelf and coastal plain, reaching a thickness of up to 10 m. We propose that the fast coastal build-up was a result of the ero sion of the Nile Delta by the rising sea, and the transgressing shorelines which transported higher fluxes of sand closer to the present shoreline.
The Late Pleistocene landscape evolution described here presents a relevant example for other similar coastal areas across the southern parts of the Mediterranean basin that consist of lowland-ridge morphologies with relatively flat to moderately steep shelf and coast, comprising aeolianites, palaeosol units and alluvial facies, supplied with siliciclastic sediments and desert dust from the Sahara. Such areas include the northern coasts of Egypt, Libya and Tunisia (El-Asmar and Wood, 2000; Mauz et al., 2009 Mauz et al., , 2012 Elmejdoub et al., 2011) . The model could also fit, to some degree, other areas with similar silicate-based lithologies and stratigraphic architecture influenced by Saharan dust deposits. Atlantic westerlies and monsoon circulation are responsible for advecting precipitation in the Mediterranean area in winter. These include the Atlantic shores of south-western Spain (i.e., Huelva and the Gulf of Cadiz; Zazo et al., 2005 Zazo et al., , 2008 ) and the Canary Islands (i.e., Lanzarote; von Suchodoletz et al., 2010) .
